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Indium Tin Oxide (ITO) has been widely used as the electrode material in touch-screen
displays and solar cells attributing to its combined high electrical conductivity and op-
tical transparency. Moving forward from wafer based electronics to flexible/stretchable
electronics, brittle electronic materials like ITO are significantly hindering the deforma-
bility of the integrated systems. To minimize strains in inorganic materials when subjected
to stretch, thin metallic and ceramic films can be patterned into serpentine-shaped rib-

{fgxfg‘jﬁn Oxide (ITO) bons. Although polymer-supported metallic serpentines have received extensive studies,
Serpentine it has been a challenging task to fabricate brittle ceramic serpentine ribbons on stretch-
Stretchable able substrates. In this letter, we report a low cost, completely dry fabrication process to

successfully integrate brittle ITO serpentine ribbons on stretchable substrates. Uniaxial ten-
sion tests are performed with in situ electrical resistance measurements which are used as
an indicator of the mechanical integrity of the ITO ribbons. Effects of serpentine-substrate
adhesion and serpentine geometry are systematically investigated. When the adhesion is
weak, stretchability as high as 200% can be achieved. When the adhesion is strong, a new
failure mechanism is observed. Design guidelines can be proposed for different adhesion
conditions based on this study.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Flexible and stretchable electronics have demonstrated
tremendous potential for displays, energy, robotics, and
biomedicine. Their applications include but are not lim-
ited to paper-like electronic readers [ 1], rollable solar cells
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[2], human-mimetic robotic skins [3] and bio-integrated
electronics [4]. Although inorganic semiconductors (e.g.,
silicon, gallium arsenide (GaAs)), conductors (e.g., copper,
Indium Tin Oxide (ITO)), and dielectrics (e.g., silicon ox-
ide, silicon nitride) are well functioning in wafer-based
integrated circuits, their intrinsic stiffness and even brit-
tleness have posed serious challenges for flexible electron-
ics. Mechanics-enabled innovative structural designs have
greatly enhanced the stretchability of inorganic electronic
materials. For example, silicon and gallium arsenide (GaAs)
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nanoribbons can be transfer printed on pre-stretched elas-
tomer substrates to develop periodic sinusoidal wrinkles
or buckles when the pre-stretch is released [5-7]. The
buckled nanoribbons are able to accommodate large ap-
plied tensile or compressive displacements through rigid
body rotation, with minimum strains induced in the rib-
bons. Since electronics with out-of-plane buckles are dif-
ficult to pack or attach to other surfaces, a recently more
popular stretchable structure comprises of isolated stiff is-
lands interconnected by in-plane serpentine-shaped (i.e.,
meandering) thin metal ribbons. When the substrate is
stretched, due to the large elastic mismatch between the
islands and the soft substrate, the rigid islands stay al-
most undeformed while the interisland serpentine ribbons
have to rotate and buckle out-of-plane to provide large ex-
tension [8-11]. A more extreme case involves freestand-
ing, long-armed serpentine metal interconnects, which can
extend more than 1000% without rupture [12]. In addi-
tion to stretchability, the other benefit of patterning stiff
membranes into serpentine shapes is to achieve structural
compliance [13]. For example, a filamentary serpentine
network of gold with vanishing rigid islands has enabled
mechanically invisible electronic tattoos to be intimately
integrated with human skin for non-invasive electrophys-
iological, thermal, and hydration sensing [14-17], as well
as wearable soft antenna for wireless communication [ 18].
The mechanics of metallic serpentines has also been stud-
ied extensively through both experimental [8,19-21] and
theoretical/numerical means [22-26].

Except for metal-based stretchable interconnects and
stretchable sensors, stretchable continuous ceramic struc-
tures have also found many applications where long length
or large areal coverage is needed. For example, transfer-
printed single crystalline silicon has been patterned into
filamentary serpentines for stretchable epidermal ampli-
fiers and solar cells [14]. Stretchable ceramics such as
buckled lead zirconium titanate (PZT) ribbons [27] and
buckled and serpentine zinc oxide (ZnO) ribbons [28] are
popular materials for biomechanical energy harvesting ap-
plications attributing to their superior piezoelectric prop-
erties compared to organic piezoelectric materials [29].
However, up to now, ceramic serpentine ribbons are far
less used than metal serpentines, due to their challenging
fabrication processes and less understood mechanical be-
haviors.

While stretchable metallic serpentine ribbons can be
fabricated on polymer substrates by thin film deposition
and patterning through either lift-off [21,30] or etch-back
[8,19] process, so far no simple method is available for the
fabrication of ceramic serpentine ribbons on stretchable
substrates. The only successfully demonstrated method is
to transfer-print ceramic nanomembranes (either silicon
or ZnO) from silicon on insulator (SOI) wafer to polymer
substrates and the nanomembranes are patterned into ser-
pentine ribbons through dry etching either before or after
the transfer [ 14,28]. The stretchability of these brittle ser-
pentine ribbons, however, has never been tested.

We report the first stretchability test of ceramic ser-
pentine ribbons bonded to stretchable substrates using ITO
as a model material. Thin ITO films are widely used as
the electrode material in flat panel displays [31] and so-
lar cells [32] attributing to their combined high electrical

conductivity and optical transparency. However, cracks are
observed at applied tensile strains around 1% in polymer-
supported blanket thin ITO films [33-35]. Even ITO ser-
pentine ribbons are found no more stretchable than their
linear counterparts when supported by a stiff polymer such
as Kapton [36]. Even though ITO can be sputtered and
tested on Kapton, when it is sputtered on soft substrates
such as polydimethylsiloxane (PDMS), ITO cannot remain
intact when the soft substrate is peeled off from the sample
holder. As a result, a transferring process has been devel-
oped to integrate ITO on PDMS, but the process is tedious
and costly and the reported stretchability is still very lim-
ited (15%) [37].

In this paper, we report a low cost, completely dry
fabrication process to successfully integrate brittle ITO
serpentine ribbons on stretchable substrates. The stretcha-
bility of ITO serpentine ribbons is measured by in situ elec-
tromechanical experiments, and is found to depend on not
only the serpentine shape but also the ribbon-substrate ad-
hesion. When the adhesion is weak, stretchability as high
as 200% can be achieved. When the adhesion is strong,
a new failure mechanism is observed. Design guidelines
can be proposed for different adhesion conditions based
on this study. The paper is organized as follows. Section 2
describes the fabrication process and testing setup. Exper-
imental results are provided in Section 3 and conclusions
are drawn in Section 4.

2. Fabrication and testing

Since ITO is too brittle to be directly supported by soft
substrates, we develop a completely dry patterning and
transferring process to achieve ITO serpentine ribbons ei-
ther weakly or strongly bonded on soft substrates. The
whole process is illustrated by Fig. 1 schematics. Fig. 1(A)
shows a piece of 13 wm thick transparent polyethylene
terephthalate (PET) film (Goodfellow Corp.) pre-cleaned by
acetone and isopropyl alcohol (IPA) and attached to a ther-
mal release tape (TRT) (Semiconductor Equipment Corp.),
which is supported by a cutting mat. The cutting mat is
fed into an electronic cutting machine (Silhouette Cameo)
which can cut the PET with serpentine-shaped seams as
shown in Fig. 1(B). The cut PET on TRT is peeled off the cut-
ting mat (Fig. 1(C)) and loaded into a magnetron sputter
system (AJA International, USA) where 200 nm thick ITO is
deposited from an ITO target (Kurt J. Lesker Company) on
the PET with base pressure of 1.0 x 1077 torr, working gas
(argon) pressure of 2.0 x 1072 torr, and RF power of 60 W
(Fig. 1(D)). After deposition, the ITO covered PET is trans-
ferred to another TRT as shown in Fig. 1(E). To achieve well-
bonded serpentines, 5 nm Ti and 50 nm SiO, are sputtered
on the backside of PET, i.e., the surface not covered by ITO,
as shown in Fig. 1(F). When the TRT is heated to 115 °C on
a hot plate, the excessive PET can be easily peeled off with
the pre-formed seams, leaving only serpentine ribbons on
the TRT (Fig. 1(G)). The serpentine ribbons can be transfer-
printed onto Tegaderm (3M), a transparent wound dress-
ing polymer tape with thickness of 47 pm and Young’s
modulus of 7.43 MPa, whose adhesive surface is treated
by ultraviolet ozone (UVO) for 5 min (Fig. 1(H)), rendering
the final sample as shown in Fig. 1(I). UVO treated polymer
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Fig. 1. Schematics of the dry, bench top fabrication process of stretchable ITO serpentines on stretchable Tegaderm substrates: A, laminating 13 jwm thick
PET on TRT on cutting mat. B, using an electronic cutter to carve serpentine-shaped seams on PET. C, peeling TRT-supported PET from the cutting mat. D,
sputtering 200 nm thick ITO on PET. E, transferring ITO covered PET from one TRT to another with the backside of PET exposed. F, sputtering 5 nm Ti and
50 nm SiO, on the backside of the PET (for weakly-bonded serpentines, this step is skipped). G, removing unwanted PET, leaving only ITO_PET serpentines
on the TRT. H, printing the ITO_PET serpentine ribbons on Tegaderm. [, the final sample.

can form hydrophilic surface which is able to form strong
chemical bonding through condensation reactions with
the SiO; layer deposited on the backside of the PET. In ad-
dition to Tegaderm, other stretchable substrates such as
PDMS and Ecoflex can also be used through the same bond-
ing process. For weakly-bonded samples, SiO, deposition
(Step F) and UVO treatment of Tegaderm are omitted, but
the native adhesive on Tegaderm can still ensure success-
ful transfer of the serpentine ribbons. The whole process
takes less than 15 min excluding the deposition time and
the yield is almost 100%.

The Tegaderm-supported ITO samples are shown in
Fig. 2. Unlike some other serpentine interconnects which
are sandwiched by stiff polymer layers [8,9,14], the sur-
faces of our ITO serpentines are exposed for easier elec-
trical measurement. To study the effect of serpentine
geometry on its stretchability, four geometric parameters
are defined in Fig. 2(A) following the convention used in
our previous two serpentine studies [13,36]: the ribbon
width w, the arc radius r, the arc angle «, and the arm
length [, which can yield three dimensionless geometric
parameters w/r, l/r and «. Fig. 2(B) shows three groups of
as-fabricated, well-bonded ITO/PET serpentines on Tega-
derm, which will be used to study the width effect, the arm
length effect, and the arc angle effect. The terminal pads are
designed for easier electrical contacts and they will be fully
clamped by the grips of the stretcher when tension tests
are performed. The gray color of the ribbons comes from

the Ti layer. For weakly-bonded serpentines without the Ti
layer, the transparency of ITO is evidenced by Fig. 2(C).
Since ITO is mechanically brittle and electrically con-
ductive, resistance vs. applied strain curves have been
widely adopted to indicate the overall mechanical integrity
of thin ITO films as a function of strain [34-36]. The re-
sistance vs. applied strain curve can be tested by an in
situ electromechanical setup as shown in Fig. 3(A). For
each uniaxial tension test, a Tegaderm substrate support-
ing a group of 2 or 3 serpentine ribbons is gripped on
a home-made manual stretcher. The applied strain, &,pp,
is calculated as the ratio of the applied displacement to
the initial gauge length. The ITO ribbons are connected
through an anisotropic conductive film (ACF, Elform) to
a multi-channel data acquisition (DAQ) system (NI USB-
6225) which is configured to conduct resistance mea-
surements up to 3 channels. The electrical resistance of
as-fabricated ITO serpentines are of the order of 10°S2,
which is high compared to some other ITO thin films
[38,39] and is attributed to our non-optimized ITO sputter-
ing recipe. The dry transfer printing process does not crack
the ITO serpentine because the ITO resistance remains the
same before and after transfer printing. The behavior of ITO
serpentines during stretch is continuously observed by a
top-down webcam. Two typical normalized resistance vs.
strain curves are offered in Fig. 3(B). It has been well proved
that the explosion of the curve is closely correlated with
the mechanical failure of the ITO film [34-36]. The quan-
titative definition of stretchability is somewhat arbitrary
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Fig. 2. A, definition of the geometric parameters of a serpentine: ribbon width w, arm length J, arc radius r, arc angle «, and horizontal span S. B, pictures
of three groups of well-bonded ITO serpentines with systematically varied geometries. C, a picture of a weakly-bonded ITO displays good transparency.

The scale bar is 5 mm in all pictures.

and in this paper, we define stretchability, i.e., the critical
strain-to-rupture, sapp, as the tensile strain applied to the
substrate at which R/Ry = 6. A representative resistance
vs. strain curve for straight serpentine ribbon is given in
Fig. 3(B), with a blown up view included as the inset. The
stretchability of a straight ITO ribbon is found to be be-
tween 0.77% and 1.5%, with an average of 1.12%, which s in
good agreement with previous stretchability tests on blan-
ket ITO films [34,35] or straight ITO ribbons [36], indicating
that stretchability obtained by our electromechanical mea-
surement is reliable. For the serpentine specimen shown
in Fig. 3(B) whose shape is given by w/r = 0.2, l/r =
2, o = 0° and adhesion to Tegaderm is weak, the stretch-
ability is found to be 113%, which represents a 100 fold en-
hancement over the straight ITO stretchability. It is the first
time that a continuous ITO ribbon can be stretched beyond
100%.

3. Results
3.1. Weakly-bonded serpentine ribbons

The effects of serpentine shape and serpentine-to-
substrate adhesion have been systematically investigated.
Fig. 4 summarizes the results of weakly-bonded serpen-
tines, which can easily detach from Tegaderm or in another
word, the strain-to-debond is small. First, the effect of rib-
bon width is revealed in Fig. 4(A) & (B), using the ribbon
shapes given in the top panel of Fig. 2(B), whose o = 0°,

A DAQ
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p ITO_PET !
[ | ‘Tegaderm © - l
B 20
Straight Serpentine
16 | 20
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X g 4
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Fig. 3. A, the electromechanical setup with in situ top view. B, resistance
vs. strain curves of a straight and a serpentine ribbon. If R/Ry = 6 is
used as the cutoff criterion, then the stretchability is 1.46% for the straight
ribbon and 113% for the serpentine ribbon.
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Fig. 4. Resistance vs. strain plots and stretchability plots for weakly-bonded serpentines. A&B, serpentines with different ribbon widths (w effect);
C&D, serpentines with different arm lengths (I effect); and E&F, serpentines with different arc angles (« effect). The scale bar is 2 mm in all insets. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

I/r = 0, but w/r = 0.6, 0.4, and 0.2, respectively. The
resistance vs. strain curves for those three serpentines are
given in Fig. 4(A) and the corresponding stretchability vs.
w/r plot is given in Fig. 4(B). Error bars in all the stretcha-
bility figures come from at least three measurements. It is
clear that with everything else the same, the narrower ser-
pentine ribbons are more stretchable, which is consistent
with the trend observed for freestanding serpentines [13]
as well as Kapton-supported ITO serpentines [36]. The in-
set in Fig. 4(B) shows a top view of the specimen at an
applied strain of 50%, which is right after the most stretch-
able serpentine, i.e., the one with w/r = 0.2, ruptures. It
is evidenced by the inset that the w/r = 0.2 serpentine is
almost fully debonded and straightened when it ruptures.
The delamination is most severe at the arcs, which is con-
sistent with other experimental observations of serpentine
delamination [19,40]. Peak strain will always occur near
the crest of the arc according to numerous finite element
modeling (FEM) results of freestanding or popped-up ser-
pentines [8,13,22], hence the debonded serpentine fails by
crest rupture. For the two wider serpentines, however, our
in situ top down observation during the electromechani-
cal tests indicates that they rupture before delamination,
which results in much lower stretchability. Cracks are also
expected to first appear near the crest based on the FEM

results of substrate-bonded serpentines [23,36,41]. If we
differentiate the strain-to-rupture before delamination
and after delamination to be bonded and debonded
strain-to-rupture, it can be concluded that for narrow
serpentines, strain-to-debond is smaller than bonded
strain-to-rupture but wide ribbons exhibit smaller bonded
strain-to-rupture than strain-to-debond.

If we assume delaminated serpentines becomes free-
standing and eventually rupture when they are fully
straightened, then their ultimate stretchability is limited
by the total curve length of the serpentine, i.e.,

c—S

Eapp = S )

where S is the horizontal span of a unit cell as labeled in
Fig. 2(A) and c represents the curve length of a unit cell.
For ribbons with @ = 0° and I/r = 0,

S =4r, )
and
c=2mur. (3)

Plugging Egs. (2) and (3) into Eq. (1) yields a constant
debonded strain-to-rupture
T =2

= (4)
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which is plot as a red horizontal line in Fig. 4(B). The
stretchability of w/r = 0.2 serpentine is found slightly
smaller than the predicted ideal stretchability due to
stresses induced by unwinding and residual constraints
from the adhesives. It can be expected that the narrower
serpentines will better approach the ultimate stretchabil-
ity limit. The stretchability of wider serpentines appear to
be much lower than the horizontal line because they rup-
ture before debond.

The effect of arm length is studied in Fig. 4(C) & (D),
using ribbons with w/r = 0.2, « = 0° and I/r = 0,
1, and 2, respectively. Fig. 4(D) indicates a linear increase
of stretchability with arm length. Our in situ observation
confirms that all three ribbons detach before rupture, as
represented by the inset of Fig. 4(D). To predict the ultimate
stretchability of serpentines with « = 0° and different I,
their S is captured by Eq. (2) and c is given by

c=2mr+2l (5)
Plugging Eqs. (2) and (5) into Eq. (1) yields

,_m-2+]
Eapp = -5 (6)
which is a linear function of I/r, as plotted in Fig. 4(D).
The growing difference between measured stretchability
and Eq. (6) as [ enlarges suggests increasing constraints
from the adhesive on serpentines with large transverse
dimensions.

The effect of arc angle is given in Fig. 4(E) & (F), using
ribbons displayed in the bottom panel of Fig. 2(B), whose
w/r =0.2,1/r = 0,and « = —20°, 20°, and 45°, respec-
tively. The stretchability of « = 45° ribbon has reached
200%, which is an exciting achievement considering how
brittle ITO is. Delamination is clearly seen in the inset of
Fig. 4(F) when the substrate is stretched by 200%. In fact,
the « = —20° ribbon is missing in the inset due to too
much slippage. The horizontal span of ribbons with l/r = 0
and varying « is given by

S = 4r cos (), (7)

and the total curve length of the a-effect ribbons can be
given by

c=2(T +2a)r. (8)

Plugging Eqs. (7) and (8) into Eq. (1) will yield the predic-
tion of the ultimate stretchability of a-effect ribbons,
7T 4+ 2a — 2 cos(o
= @, (9)
cos(a)

which is plotted as a red curve in Fig. 4(F). The close
agreement between the measured and predicted stretch-
ability indicates that rupture happens when the ribbons
are almost fully straightened. Like the I-effect ribbons, the
growing discrepancy for serpentines with larger transverse
dimensions is also found in a-effect ribbons.

In summary, Fig. 4 studies the stretchability of various
ITO serpentines weakly-bonded to stretchable Tegaderm
substrate. Although our in situ setup of webcam cannot
offer close-up crack visualization, through combined re-
sistance measurement and macroscopic morphology ob-
servation, four important conclusions can be reached:

(1) delamination initiate from the arcs of the serpentine
and merge in the middle; (2) wide serpentine ribbons tend
to rupture before delamination while narrow serpentines
delaminate before rupture; (3) the stretchability of serpen-
tines with narrow width and small transverse dimension
can approach the predicted ultimate stretchability; and
(4) according to the predicted stretchability, a very simple
way to enhance the stretchability of weakly-bonded ser-
pentine is to use narrow serpentine ribbons with long arm
or large «. These conclusions are drawn for weakly bonded
serpentine ribbons, whereas the behaviors of well-bonded
serpentine ribbons will be very different.

3.2. Well-bonded serpentine ribbons

Fig. 5 investigates the stretchability of well-bonded ITO
serpentines on Tegaderm. For this type of specimens the
detachment from substrate is retarded but it does not
mean that delamination is fully prohibited. Overall the
stretchability is lower compared with weakly bonded ones
because of the stronger substrate constraint. Following the
same order as Figs. 4, 5(A) & (B) examines the ribbon
width effect. The stretchability of well-bonded serpentines
(plotted as black squares) is compared with that of weakly-
bonded ones of the same shapes (plotted as red dots). The
similarity of the two sets of data indicates that there is no
significant change of failure mechanism, i.e. the w/r = 0.2
serpentine ruptures after delamination whereas the two
wider ones rupture before delamination.

Interesting deviation appears when ribbons have dif-
ferent arm lengths as shown in Fig. 5(C) & (D). The in-
sets in Fig. 5(D) offer the top view of the serpentines
captured at their respective strain-to-rupture. It is found
that well-bonded serpentine ribbons with I/r = 0, and 1
share similar stretchability with weakly-bonded counter-
parts, which can be explained by the two insets showing
that the two ribbons have debonded before rupture. How-
ever, the stretchability of well-bonded serpentines starts
to decrease when [/r increases beyond 1. A close look at
well-bonded, long-armed serpentines at failure always re-
veals one or multiple transverse buckles within the arm as
highlighted by the red circles. Such buckles are induced by
the transverse contraction of the soft substrate when it is
stretched longitudinally, i.e., the Poisson’s effect, which is
a widely observed instability phenomenon for stiff mem-
branes bonded to soft substrates [6,7,42-48]. While care-
fully controlled buckling has been harnessed to achieve
stretchable electronics [6,7], buckled brittle thin films are
susceptible to fracture due to the local tensile strain at the
buckled peaks or ridges [49,50]. Even without high enough
resolution to detect where cracks first initiate, we can still
infer that buckle delamination is the failure mechanism
of long-armed serpentine because: first, we have found
close correlation between buckling and explosion of re-
sistance during our electromechanical experiments with
in situ top morphology observation; second, as buckle de-
lamination induced rupture is a sudden event of instabil-
ity, their resistance vs. strain curves exhibit a steeper rise
compared to serpentines rupturing at the crest of the arc;
third, if there were no buckle delamination, the effect of
arm length for soft-substrate-bonded serpentines should



S. Yang et al. / Extreme Mechanics Letters 2 (2015) 37-45 43

0 w effect (lIr=0, o= 0°)

% 20 40 60
Strain (%)
C 2 | effect (w/r=0.2, a=0°)
15
o <+ -
T &
14
5
0

0 20 40 60 80 100

Strain (%)

o effect (wir=0.2, Iir =0)

0 20 40 60 80 100
Strain (%)

B
< 60 -o- Weak
- -= Strong
2 40 ¥‘ .
3 \
£ N
o 20 - -
8 =
a 0 " " "

0.2 0.4 0.6
wlr
D _120

lo- Weak o

. Strong/ /E

©
o

w
o

Stretchability (%)
[=2]
o

150

-
(=]
o

50

Stretchability (%)
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be bonded by that of freestanding serpentines (the longer
the arm, the more stretchable) [13] and stiff-substrate-
supported serpentines (negligible arm length effect) [36],
which is inconsistent with our experimental observation
that the longer the arm, the less stretchable the serpen-
tine is. Therefore we conclude that transverse buckling is
a new failure mechanism of well-bonded, long-armed ser-
pentines.

The effect of arc angle is studied in Fig. 5(E) & (F). The
insets in Fig. 5(F) are also taken at their respective strain-
to-rupture. When rupture happens, we can see that ser-
pentines with « = —20° and 20° have experienced partial
delamination, which is not the case for the serpentine with
o = 45° This can explain the non-monotonic stretch-
ability of well-bonded serpentines with respect to «. As
we have mentioned before, well-bonded serpentines can
still delaminate from the substrate under high enough ap-
plied strain. When there is delamination before rupture,
e.g., when « = —20° and 20°, we expect the serpentine
with longer curve length to be more stretchable, hence
the stretchability increases with « according to Eq. (8),
and the stretchability of well-bonded serpentines are com-
parable with that of weakly-bonded serpentines. The ef-
fect of adhesion becomes significant when « = 45°. For
weakly-bonded serpentine as shown in Fig. 4(F), the strain-
to-debond is smaller than the bonded strain-to-rupture,

hence after delamination, the stretchability is only lim-
ited by the unwound length of the serpentine. It is the op-
posite for well-bonded serpentine as shown in Fig. 5(F),
where the strain-to-debond is extended due to the en-
hanced adhesion. As a result, the bonded strain-to-rupture
is reached first and the stretchability is limited to the
strain-to-rupture of fully bonded serpentines, which is
small due to the tension in ITO induced by the substrate.

In summary, as substrate constraint becomes more
significant, the stretchability of well-bonded serpentines is
no longer always monotonic. While simply increasing the
arm length or arc angle can enhance the stretchability of
weakly-bonded serpentines, it is no longer true for well-
bonded serpentines for two reasons. First, when the arm is
too long, transverse buckling within the arms can induce
rupture in ITO and the longer the arm, the earlier the
rupture. The optimum arm length is found to be I/r = 1.
Second, when « is too large, strain-to-rupture is reached
before strain-to-debond. The optimum arc angle is found
to be o = 20°.

4. Conclusions

We have introduced a low cost, high throughput, bench
top, dry process to fabricate extremely stretchable ITO
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serpentine ribbons on soft, stretchable substrates. The
electromechanical measurements with in situ top mor-
phology observation can reveal not only the stretchabil-
ity but also the failure mechanism of these serpentines.
Weakly-bonded ITO serpentine ribbons show good trans-
parency, and are always more stretchable with narrower
ribbon width, longer arms, larger arc radius, and larger arc
angle. While wide serpentines rupture before debond, nar-
row serpentines always debond before rupture, whose ul-
timate stretchability can be captured by their unwound
length, i.e., total curve length. The stretchability of well-
bonded ribbons, however, show non-monotonic depen-
dence on those geometric parameters due to stronger
substrate constraints. It is found that serpentines with
long arms rupture by transverse buckling, which degrades
stretchability when the transverse dimension is large. We
have limited our current investigation on one time, uniax-
ial tension behavior and the reversibility and cyclic behav-
iors of those brittle ITO serpentines require future studies.
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